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Abstract 
Flameholder-stabilized flames are conventional also commonly used in propulsion and 
various power generation field to maintain combustion process. The characteristics of flame 
expansion was obtained with various blockage-ratios, which was observed to be highly 
sensitive to inlet conditions such as temperatures and velocities. Experiments and simulations 
combined methodology was performed, also the approach adopted on image processing was 
calculated automatically through a program written in MATLAB. It was found that the 
change of flame expansion angle indicated increasing fuel supply could contribute to the 
growth of flame expansion angle in lean premixed combustion. Besides, the influence of inlet 
velocity on flame expansion angle varies with different blockage ratios, i.e. under a small 
blockage ratio (BR=0.1), flame expansion angle declined with the increase of velocity; 
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however, under a larger blockage ratio (BR=0.2 or 0.3), flame expansion angle increased 
firstly and then decreased with the increasing velocity. Likewise, flame expansion angle 
increased firstly and then decreased with the increasing temperature under BR=0.2/0.3. In 
addition, flame expansion angle was almost the same for BR=0.2 and BR=0.3 at a higher 
temperature (900K), and both of which were bigger than BR=0.1. Overall, BR0.2 is the best 
for increasing flame expansion angle and reducing total pressure loss. The influence of 
velocity and temperature on flame expansion angle found from this research are vital for 
engineering practice and for developing a further image processing method to measure flame 
boundary. 
Keywords 
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1. Introduction 
In modern power generation and propulsion devices, combustion typically took place under 
highly turbulent conditions. The turbulent flow conditions arose from high-speed turbulent 
inlet flow (free stream turbulence) as well as turbulence generated by the flame stabilization 
scheme. Flame holding devices such as V-gutter are commonly used in propulsion and 
various industrial systems to ignite and maintain the stable combustion process in a high-
speed flow. An extensive amount of researches on flame holder has been performed over the 
past 70 years, making it one of the most commonly studied topics in turbulent combustion [1-
2]. Most of the earlier studies on V-gutter focused on the flame stabilization mechanism, 
ignition and blow-off limits in steady combustion, and the conditions and mechanism of the 
occurrence of unsteady combustion. 
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Extensive studies have focused on the break-up and mixing of fuel in the air to increase the 
performance of combustion [3-7]. A numerical model of the fuel-air mixing process had been 
come up to identify key design parameters involved in fuel-air mixing and to characterize 
how mixing performance scales with the Reynolds number [8]. At the same time, the 
interaction of swirl flow with partial premixed and disk-stabilized flame was investigated [9]. 
Ignition and blow-off are directly affected by mixing of fuel and air [10]. Experimental study 
on lean ignition and blow-off indicated the change laws under various flow conditions and 
geometry parameters [11, 12]. In addition to flame propagation and stability issues, planar 
laser induced fluorescence technique and ICCD camera were used to obtain simultaneous 
imaging of hydroxyl and formaldehyde, as well as the flame spreading process [13-17]. Also, 
numerical simulation of flame propagation and stability had been done via large eddy 
simulation using global and skeletal reaction mechanisms [18-22]. Moreover, exhaust 
emissions and combustion efficiency are key indexes for combustion organization. Plenty of 
experiments had been conducted to investigate the effect of bluff body in steady and unsteady 
combustion [23-27]. Besides these studies on stabilizer, a number of experimental studies 
have been performed to investigate the effect of turbulence on premixed flames as 
summarised in the review papers of Driscoll [28], Clavin [29], Lipatnikov and Chommiak 
[30]. Based on the different flame geometries, they can be classified as the “Envelope” 
(Bunsen-type flames), “Oblique” (V-shaped flames), “Unattached” (low swirl or counterflow 
flames) categories and propagating flame kernels.  Nevertheless, research on flame 
circumferential expansion angle of bluff-body is rare in the previous work. Indeed, the space 
of adjacent stabilizers is extremely important to circumferential flame spreading and axial 
distance of flame joint. It is essential for the flame front traveling through the entire burner 
cross section before it reaches the exit in an afterburner or a ramjet burner. The 
afterburner/ramjet burner is evenly distributed with stabilizers whose number depends on the 
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V-gutter width and the spacing of the adjacent struts. And also the flame stability and 
propagation performance varies with flow conditions. 
To better understand the flame circumferential expansion after the flame anchored behind the 
stabilizer, experiments combined with simulations are necessary [31]. The influence of 
velocity, temperature and blockage ratio on flame expansion was investigated and stated the 
reason. Meanwhile, a new image processing method was implemented. The change of flame 
expansion angle was presented to be a reference for the selection and distribution of 
stabilizers in practical application.  
2. Methodology  
In this study, flame images was recorded using high speed camera and processed 
automatically through a program written in MATLAB. Numerical simulation was auxiliary 
method to analyse the change of flame expansion. 
2.1 Experimental setup 
Fig.1 showed the experimental set-up which consisted of air supply system, fuel supply 
system, preheating system, measurement system and burner with V-gutters. The facility 
simulated burner inlet conditions with various inlet temperatures (450-900K) and velocities 
(50-200m/s). 
The air supply system consisted of two sets of Roots blowers whose maximum flow rate 
could reach 3kg/s and the highest air-supply pressure reach 0.17 MPa, two flow control 
valves, and two digital vortex shedding flowmeters with temperature-pressure compensation 
for control and measurement. The fuel supply system consisted of fuel pumps which could 
achieve 7 MPa fuel pressure, injectors, flow control valves, rotameters and digital metal tube 
flowmeters. To ensure the accuracy, the measured valves, rotameters and digital metal tube 
flowmeters were tested and calibrated before each experiment. The preheating system 
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contains combustor 1 and 2 that heat ambient air to hot gas, the mixing chamber, and the 
rectifier section. The measurement system involved several thermocouples that measured the 
temperature of preheating system outlet and burner inlet, flue gas analyser placed at rectifier 
section to examine the hot gas components, and a high-speed camera. 
Fig.1 Structure of experimental system 
The burner consisted of a cross-section with a horizontal length of 100mm and a vertical 
length of 150mm as well as sidewalls made of quartz windows, allowing full optical access to 
the flame shown in Fig.2. Three widths (W=15mm, 30mm, 45mm) of the V-gutter were 
designed to investigate the change of flame expansion at various flow conditions. Flame 
images were recorded in premixed combustion. To form evenly mixed fuel/air distribution, 
nine fuel injectors distributed averagely in the inlet cross section and were located 600mm 
upstream of the V-gutter, as well as injected Jet-A fuel across the main flow. 
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Fig.2 Enlarged burner (3D) of physical dimension (2D) 
A high-speed camera (IDT, Y5 shown in Fig.2.(a)) used in this experiment surpassed high 
definition with a 4.0 megapixel sensor capable of 730 frames per second (fps) at full 
resolution, which was applied to record the time evolutions of flame expansion with reduced 
vertical resolution at a rate of 1000 fps.  
2.2 Image processing 
The flame expansion angle was calculated automatically through a program written in 
MATLAB. A new image processing method was developed including 7 steps as shown in 
Fig.3. 
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Fig.3 Images processing chart 
The image in Step 1 showed one of the 100 original images taken by high-speed camera over 
a time interval for 1ms. During Step 2, the original images processed by the discretization 
method were divided into m rows and n columns, which constructed an m×n matrix whose 
numeric values depended on light intensity. Numeric values determined boundaries location 
of flame expansion. Firstly, the maximum gradients of numerical values in the column 
dimensions should be marked and analyzed. Secondly, comparisons were made with the 
lower and the higher numeric values shown in Fig.4, and the fit curve at different numerical 
values depict flame boundaries. Thirdly, segmentation was completed by numeric value 
range (>200). The final processing images Fig.3.(7) obtained under the given numeric value 
range above were compared with original images Fig.3.(1) to verify this method reasonable. 
As shown in the figure, the expansion angles of these three numerical values present slight 
differences, and the bias are between 0.36% and 2.78%. Moreover, the segmentation of flame 
boundaries in unified standard avoids artificial errors. 
Based on the segmentation, brightness and darkness detected edges of binary images were 
processed and then given digital curves by MATLAB automatically. Sometimes, between 
upper and lower boundaries there were several little flame vortices shedding, which led to 
brightness and darkness detected edges of binary images. Therefore, these discrete and 
mottled circles were removed. The upper and lower boundary were fitted separately by the 
least square method combined with the optimized FIT method and to assure the corrected 
fitting curve depicting the original well. And then calculating slope of corrected fitting curve 
to obtain the angle.  
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Fig.4 segmentation comparisons at various numerical value ranges 
The flame expansion angle fluctuation trends and mean values were shown in Fig.5. The 
angles of lower and upper boundary were obtained separately by calculating the full angles of 
the 100 images taken over 0.1s using the method in steps (1)-(6), and then taking the mean 
value. 
 
Fig.5 Flame expansion angle fluctuation trends and mean values 
2.3 Numerical simulation method 
Non-reacting simulation by CFD was performed to analyze the flow characteristics which 
affected the change of flame expansion angle. The coupling equations of pressure and 
velocity were solved using the SIMPLE algorithm. A realizable k-e model was chosen as a 
turbulence model. The near wall region was processed using a non-equilibrium wall functions 
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method. The numerical simulation domain is a 2-D rectangular channel of 150mm * 1000mm 
same with Fig.2.(b), and the distance between the bluff body end edge and the channel exit is 
800mm. The refined meshes behind bluff body are structured grids. The detailed boundary 
conditions are shown in Table 1 [32]. 
Table 1 
Boundary conditions 
Boundary conditions Boundary location Parameters  
Velocity inlet Inlet  V=50, 100, 150, 200m/s; T=900K 
Outflow Outlet   
Wall  Solid wall and liquid 
boundary 
Stationary wall; no slip; no heat 
flux 
 
3. Results and Discussion 
Flame expansion angle (FEA) is mainly influenced by a number of factors such as blockage 
ratio (BR), inlet velocity (V) and temperature (T), and equivalence ratio (ɸ). In addition, the 
blockage ratio is the ratio of frontal/projected/cross-section area (2D area seen from front 
view) upon the cross-section area of the test section.  
Blockage Ratio =
Frontal Area of Model
Cross−section area of test section
      Equation 1 
And equivalence ratio referred to fuel-air equivalence ratio was defined as the ratio of the 
fuel-to-oxidizer to the stoichiometric fuel-to-oxidizer ratio. The effect of those factors on the 
change of FEA will be discussed in detail in this section. 
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3.1 Influence of Velocity 
The influence of velocity on flame propagation and expansion was with both negative and 
positive effect. On one side, the growth of axial velocity impaired the propagation into cross 
flow; on the other side, flow intensity that was accelerated by the growth of velocity 
enhanced expansion of turbulent flame. To investigate the change of flame expansion, 
experimental results at 900K were presented in Fig.6. Overall, FEA increased with the 
growing equivalence ratio, the influence of velocity on FEA differed in various blockage 
ratios. It was found FEA declined with the increase of velocity at a given blockage ratio 
(=0.1). Under equivalence ratio =0.7, there was a big difference of FEA between V=100m/s 
and V=150m/s, but with the increase of equivalence ratio to 0.8, the difference decreased. It 
demonstrated that when the blockage ratio of stabilizer was of small numerical value, due to 
incremental effect on chemical reaction rate with the increase equivalence ratio, the inhibition 
effect of increased velocity on FEA could be weakened.  
FEA at a higher blockage ratio (=0.2) first increased and then decreased with the growing 
velocity with the peak of FEA presented at velocity of 150m/s. Additionally, FEA at 
velocity=200m/s was bigger than at velocity=100m/s when equivalence ratio was in a range 
from 0.4 to 0.6. It illustrated that with a bigger blockage ratio, the growth of velocity 
accelerated FEA in a particular range. Likewise, at blockage ratio = 0.3, FEA first increased 
and then decreased with the growing velocity, and the peak of FEA appeared at 
velocity=100m/s was found, also FEA at velocity=200m/s reached the minimum.  
In the comparison of the experimental results, the influence of velocity on flame propagation 
and expansion was related to blockage ratio. Velocity with positive effect on flame expansion 
achieved the biggest range at blockage ratio = 0.2.  
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Fig.6 change of FEA at various velocities and blockage ratios 
To better investigate the influence of velocity on FEA, relationship between the growth rate 
of FEA ( %)( FEA ) and velocity gradient ((ΔV) %) was shown at the given equivalence ratio 
(=0.5) and temperature (=900K) in Fig.7. 
Where,  
00% /)()( VVVV                                          Equation 1  
00% /)()( FEAFEAFEAFEA                              Equation 2 
Setting 
0V = 50m/s, 0)(FEA  
was the corresponding value to
0V . As demonstrated, %)( FEA  
declined with growth of velocity when blockage ratio was 0.1. However, %)( FEA  first 
increased and then decreased with growth of velocity when blockage ratios were 0.2 and 0.3. 
At blockage ratio = 0.2, there was a relative increase to initial point; however, at blockage 
ratio = 0.3, there was steep decline after the peak. As analyzed, the influence of velocity on 
flame expansion was clarified, which was with extreme importance to geometric selection in 
flame holding system. 
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Fig.7 Histogram of FEA growth rates  
The influence of velocity on FEA was also reflected in the multidirectional velocity 
components. The varied ratios of velocity components were related to the flame expansion. 2-
D numerical simulations by CFD were carried out to simulate flow, and a schematic of the 
computational domain was shown in Fig.8. Moreover, velocity components ratio, namely 
V(x)/V, was defined in CFD-post. V(x)/V data curves located at 10mm in the rear of V-gutter 
were compared with various velocities. The bigger numerical value of V(x)/V indicated a 
greater mixing ability of vortex and surroundings, and that was well suited to flame spreading 
perpendicular to axial flow. Fig.8 showed V(x)/V data curves at various blockage ratios (e.g. 
0.1, 0.2, and 0.3). It was found that V(x)/V declined with the increase of velocity when 
blockage ratio was 0.1. Whereas V(x)/V first increased and then decreased with the 
increasing velocity; the peak of V(x)/V presented at a certain velocity (=150m/s) as blockage 
ratio was 0.2 and the other certain velocity (100m/s) as blockage ratio was 0.3. Thus, the 
influence of V(x)/V played an auxo-action on flame spreading. Also, the change of V(x)/V 
was corresponding to change of FEA and %)( FEA . 
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Fig.8 V(x)/V data curves located 10mm downstream of stabilizers at different blockage ratios 
3.2 FEA related with Temperature 
The influence of temperature on FEA was related to chemical reaction rate directly. As 
temperature grew, activation energy was reduced. Fig. 9 showed the experimental results, 
FEA increased first and then decreased with growing temperature; and the peak of FEA 
appeared at 750K. Chemical characteristics of Kerosene/air premixed combustible had 
changed at high temperature. A mixture of n-decane and 1,2,4-trimethybenzene (8 : 2, by 
weight), called the Aachen surrogate, was selected for consideration as a possible surrogate 
of kerosene [33]. Side reactions occurred to n-decane above 900K, which led to a converse 
effect on flame spreading [34]. Moreover, when the blockage ratio was 0.2, equivalence ratio 
had an obvious effect on FEA at a lower temperature of 450K, due to the sudden increase at 
equivalence ratio from 0.6 to 0.7. Also, at blockage ratio = 0.3, there were obvious increases 
with equivalence ratio when temperatures were 450K and 600K. However, it presented a 
Page 14 of 18 
*Corresponding Author: Prof. Fan Yuxin 
small increase with growing equivalence ratio at 900K, which was different from the others. 
 
Fig.9 Line graphs of FEA at different temperatures 
3.3 FEA related with Blockage Ratio 
 Blockage ratio was a key issue for stabilizer design, because of its flame stabilization and 
flow resistance. Fig. 10 presented the processed results to investigate the change of FEA with 
blockage ratio. As shown, FEA at 900K was almost the same with blockage ratio 0.2 and 0.3, 
and both of them were bigger than it with blockage ratio 0.1; however, FEA with blockage 
ratio 0.2 was much bigger than it with blockage ratio 0.3 at 450K. Therefore, it demonstrated 
a stabilizer with blockage ratio 0.2 could increase FEA and reduce flow resistance. 
 
Fig.11 change of FEA at different blockage ratios 
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4. Conclusions 
The change of FEA with blockage ratio, equivalence ratio, velocity, and temperature was 
investigated in this work. Flame images taken by a high-speed camera were processed by 
programs MATLAB. The following conclusions were drawn:  
(1) Through the steps of segmentation, detection, removal, separation, and fitting done by 
programming, the image processing had the features of high precision and efficiency, reduced 
the artificial errors, as well as created a good method to obtain flame boundary. 
(2) There was an incremental impact of fuel/air equivalence ratio on FEA in lean premixed 
combustion. Velocity and temperature were two main aerodynamic parameters related to 
FEA, which did not increase or decrease monotonically but had a peak value. The change of 
FEA with temperature and velocity had its significance for design and layout of stabilizers. 
(3) Blockage ratio was another key parameter for FEA, which was related to not only flame 
stabilization also flow resistance. In order to avoid extra total pressure loss and insure 
combustion stability, it was necessary to select appropriate blockage ratio according to the 
change of FEA. As presented, BR0.2 was the best for increasing FEA and reducing total 
pressure loss. 
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